Abstract The present study assesses the forecast skill of the Madden-Julian Oscillation (MJO) observed during the period of DYNAMO (Dynamics of the MJO)/CINDY (Cooperative Indian Ocean Experiment on Intraseasonal Variability in Year 2011) field campaign in the GFS (NCEP Global Forecast System), CFSv2 (NCEP Climate Forecast System version 2) and UH (University of Hawaii) models, and revealed their strength and weakness in forecasting initiation and propagation of the MJO. Overall, the models forecast better the successive MJO which follows the preceding event than that with no preceding event (primary MJO). The common modeling problems include too slow eastward propagation, the Maritime Continent barrier and weak intensity. The forecasting skills of MJO major modes reach 13, 25 and 28 days, respectively, in the GFS atmosphere-only model, the CFSv2 and UH coupled models. An equal-weighted multi-model ensemble with the CFSv2 and UH models reaches 36 days. Air-sea coupling plays an important role for initiation and propagation of the MJO and largely accounts for the skill difference between the GFS and CFSv2. A series of forecasting experiments by forcing UH model with persistent, forecasted and observed daily SST further demonstrate that: (1) air-sea coupling extends MJO skill by about 1 week; (2) atmosphere-only forecasts driven by forecasted daily SST have a similar skill as the coupled forecasts, which suggests that if the high-resolution GFS is forced with CFSv2 forecasted daily SST, its forecast skill can be much higher than its current level as forced with persistent SST; (3) atmosphere-only forecasts driven by observed daily SST reaches beyond 40 days. It is also found that the MJO-TC (Tropical Cyclone) interactions have been much better represented in the UH and CFSv2 models than that in the GFS model. Both the CFSv2 and UH coupled models reasonably well capture the development of westerly wind bursts associated with November 2011 MJO and the cyclogenesis of TC05A in the Indian Ocean with a lead time of 2 weeks. However, the high-resolution GFS atmosphere-only model fails to reproduce the November MJO and the genesis of TC05A at 2 weeks' lead. This result highlights the necessity to get MJO right in order to ensure skillful extended-range TC forecasting.
Introduction
The Madden-Julian Oscillation (MJO) is the dominant mode of tropical convection variability on the intraseasonal timescales (Madden and Julian 1971; Zhang 2005; Lau and Waliser 2011) . The MJO convective envelope initiates over the equatorial Africa and western equatorial Indian Ocean (Wang and Rui 1990a) . The associated circulation systems propagate eastward as a Kelvin-Rossby wave couplet (Wang and Rui 1990b; Hendon and Salby 1994; Roundy 2012) involving multi-scale interactions (Majda and Biello 2004; Wang and Liu 2011) . On its way eastward, the MJO modulates tropical cyclone (TC) activity over the Indian Ocean (Kikuchi et al. 2009; Fu and Hsu 2011) , western Pacific (Liebmann et al. 1994; Nakazawa 2006) , Eastern North Pacific, and Atlantic basin (Molinari et al. 1997; Maloney and Hartmann 2000; Mo 2000; Higgins and Shi 2001; Klotzbach 2010) . Through upscale/downscale modulations and tropical-extratropical tele-connection, the MJO also influences global weather and climate variability (Donald et al. 2006) . The recurrent nature of the MJO with a period of 30-60 days offers an opportunity to bridge the forecasting gap between medium-range weather forecast (*1 week) and seasonal prediction (longer than 1 month) (e.g., Waliser 2006; Fu et al. 2008; Brunet et al. 2010; Hoskins 2012) . Most global operational and research weather/climate models, however, still face a variety of challenges to realistically simulate and accurately predict the MJO (Lin et al. 2006; Vitart et al. 2007; Wang and Seo 2009; Gottschalck et al. 2010; Rashid et al. 2010; Weaver et al. 2011; and Matsueda and Endo 2011) , therefore, severely hindering the extended-range TC forecasting (Belanger et al. 2012; Fu 2012 ) and the prediction of MJO's global impacts (Vitart and Molteni 2010) .
In order to provide a ground truth for the purposes of better understanding of the physical processes governing the initiation and propagation of the MJO and evaluating and improving its representations in operational and research weather/climate models, a comprehensive international collaborative field campaign (DYNAMO/ CINDY) 1 has been launched over western-central equatorial Indian Ocean from October 1st, 2011 to March 31st, 2012 with an Intensive Observing Period (IOP) from October 1st, 2011 to January 15th, 2012. During the entire DYNAMO period, five MJO events are observed ( Fig. 1 ) with associated convective envelope over Indian Ocean, respectively, in the late October (MJO-I), late November (MJO-II), late December (MJO-III), late January (MJO-IV), and late February-early March (MJO-V). The first three MJOs occur during DYNAMO IOP. The definition of MJO initiation is still a controversial issue (e.g., Straub 2013) and Indian Ocean is also not the only place for MJO initiation (Wang and Rui 1990a; Matthews 2008) . Nevertheless, following the classical schematics of a MJO cycle depicted in Fig. 16 of Madden and Julian (1972) , we take the definition of MJO initiation as the onset of convective envelope in the Indian Ocean associated with an eastwardpropagating MJO event. The MJOs-I, II, and V are clearly successive MJO events as defined by Matthews (2008) , which are re-initiated over Indian Ocean by the circumglobal circulations associated with a preceding MJO event.
In 2011 summer (JJA), no apparent MJO events were observed. The MJO-I was likely initiated by a primary MJO developed in late September over the western Pacific just before the start of the DYNAMO/CINDY IOP. In a similar fashion, the MJO-II was initiated by the circumglobal circulations of the MJO-I. The westerly wind bursts of November MJO-II reached DYNAMO array around November 23rd, which triggered the development of a near-equatorial tropical cyclone (also known as Thanksgiving-TC in DYNAMO community 2 ). The MJO-III is not well defined and also the weakest among the five MJOs. The MJO-III, initiated over central Indian Ocean, was likely triggered by the westward-propagating mixedRossby-gravity waves emanated from the Maritime Continent, which in turn were excited by the remnants of a tropical cyclone in the South China Sea (Kubota et al. 2012) . In the month of December 2011, a La Nina event matured in the equatorial eastern and central Pacific Ocean and extended westward to 160°E. The resultant cold SST near the deadline suppresses the continuous eastward propagations of the convection of the MJO and Kelvin waves (Fig. 1) . The decayed eastward-propagating convection, instead, emanates westward-propagating equatorial Rossby waves (Wang and Xie 1997) . From January to March of 2012, the La Nina event quickly decays and transitions into an above-normal status. At the same time, SST annual cycle keeps warm up the equatorial Pacific. Along with the gradual warming of the equatorial Pacific, a weak MJO-IV develops, followed by a huge MJO-V with its convective envelope moving slowly from Indian Ocean to western Pacific during the late February and March (Fig. 1) . Due to the political unrest of Maldives, all DYNAMO/CINDY in situ observing instruments were moved out after early February 2012 considering the safety of all field-campaign participants. Therefore, no intensive in situ observations are available for the big MJO-V.
Since the late August 2011, NCEP CPC has been preparing a MJO-discussion-summary 2011 to March 31st, 2012, we have highlighted the major strength and weakness of these operational forecasts in a supplementary material.
4 Current operational intraseasonal forecasting systems have higher skill for the successive MJOs-I, II, and V than that for the primary MJO in September and the MJOs-III and IV. During the entire DYNAMO/CINDY period, the common problems of operational models on MJO forecasts are: (1) the failure to predict the September primary MJO even with 1 week lead; (2) too slow eastward propagation; (3) the Maritime Continent barrier; (4) the difficulty to predict the MJO initiated by Rossby (or mixed-Rossby-gravity) waves; and (5) the underestimation of the observed intensity.
This study aims to: (1) quantify the MJO forecasting skills of NCEP operational models and UH (University of Hawaii) research model during DYNAMO/CINDY period; (2) reveal the strength and weakness of the models on forecasting initiation and propagation of the MJO; (3) assess the impacts of air-sea coupling on MJO forecasting and possible consequence on extended-range TC forecasting. The outline of this paper is as follows. In Sect. 2, we briefly introduce the three state-of-the-art global models: the NCEP GFS (Global Forecast System) atmosphere-only model, CFSv2 (Climate Forecast System version 2) and UH coupled models, along with the data and methodology used in this study. Section 3 documents the overall MJO forecasting skills during the entire DYNAMO/CINDY period and that just during the IOP in three models and highlights the strength and weakness of individual models in forecasting the initiation and propagation of the MJO. In Sect. 4, the impacts of air-sea coupling, forced with persistent, forecasted and observed daily SST on MJO forecasting skills are assessed through a series of forecasting experiments using UH model. Section 5 examines three models' capability in representing the interactions of November-MJO and Thanksgiving-TC and potential impacts on extended-range TC forecasting in these models. Discussions and concluding remarks are given in Sect. 6.
Models and methodology
This study analyzes forecasts from three models: The Global Forecast System (GFS), the Climate Forecast System version 2 (CFSv2), and the University of Hawaii (UH) model. The GFS used to generate forecasts for the DYNAMO/CINDY period is the NCEP operational 2-week ) along with MJO (black contours), Kelvin (green contours) and Rossby waves (blue contours) during DYNAMO/CINDY period (only -10 and 10 W m -2 lines are drawn). The method used to extract the MJO and equatorial waves is after Wheeler and Hendon (2004) atmosphere-only forecasting system. The horizontal resolution is T574 (*27 km) for the first week and reduces to T190 (*70 km) for the second week. This system is initialized with the NCEP Global Data Assimilation System (GDAS). The forecasts are driven by the observed climatological SST plus initial SST anomaly that decays with lead time at an e-folding time scale of 90 days. This setting results in a basically persistent SST forcing during the 2-week forecast period. Daily four-time (00Z, 06Z, 12Z and 18Z) forecasts are treated as 4 ensemble members and are averaged together to get daily ensemble-mean forecasts. As an operational system, the GFS undergoes continued changes in both model physics and initialization system (GDAS), which can be tracked online (at http:// www.nco.ncep.noaa.gov/pmb/changes/). The CFSv2 is the latest generation of the Climate Forecast System at NCEP, which became operational in March 2011 (Saha et al. 2013) . The atmospheric component is the GFS version as of May 2007 with a horizontal resolution of T126 (about 100 km). The ocean component is the MOM4. The CFSv2 includes a comprehensive land model and sea ice model. It is initialized from the NCEP Climate Forecast System Reanalysis (CFSR, Saha et al. 2010) . The 45-day forecasts are available four times (00Z, 06Z, 12Z, and 18Z) a day with four ensemble members at each time, forming an ensemble of 16 members for each day. The daily average of the 16 members has been used as ensemble mean in following analysis.
The UH model is an atmosphere-ocean coupled model (Fu et al. 2003) developed at International Pacific Research Center, University of Hawaii at Manoa. The atmospheric component is a general circulation model (ECHAM-4) with T106 resolution (about 125 km) that was originally developed at the Max Planck Institute for Meteorology, Germany (Roeckner et al. 1996) . The Tiedtke-Nordeng mass flux scheme (Tiedtke 1989; Nordeng 1994 ) is used to represent the deep, shallow, and midlevel convections. The ocean component is an intermediate upper-ocean model developed at University of Hawaii. It is comprised of a mixed-layer and a thermocline layer with a horizontal resolution of 0.5 9 0.5-degree. The UH model carried out 45-day forecasts during DYNAMO/CINDY period each week initialized with final operational global analysis on 1 9 1-degree produced by NCEP, also known as FNL (at http://dss.ucar.edu/datasets/ds083.2), which is almost the same as GDAS analysis but generated 1 h later.
In order to assess the MJO forecasting skills in these three models during the DYNAMO period, the anomalies of observed and forecasted OLR, zonal winds at 850 and 200-hPa are first obtained by removing observed climatological annual cycle (mean plus first three harmonics). Interannual anomalies represented with most recent 120-day mean (Lin et al. 2008; Gottschalck et al. 2010 ) are also removed. NOAA satellite OLR and FNL winds have been taken as the observations in this study. Combined anomalies are projected onto Wheeler-Hendon's EOF1 and EOF2 to get the time series of RMM1 and RMM2 (Wheeler and Hendon 2004 ); then we calculate the bivariate anomaly correlation coefficient (ACC) and root-meansquare error (RMSE) of the forecasts as a function of forecast lead time during this period (Lin et al. 2008; Gottschalck et al. 2010) . Figure 2 shows the overall MJO forecasting skills during extended DYNAMO period (September 01st, 2011 to March 31st, 2012 as measured with the bivariate ACCs and RMSEs for the three models. As a common practice, the forecast lead time when the ACC drops to 0.5 has been defined as MJO forecasting skill in days. The resultant useful skills for the GFS, CFSv2, and UH models are, respectively, 13, 22, and 28 days during the DYNAMO/ CINDY period. A simple equal-weighted multi-model ensemble (MME) with the CFSv2 and UH models reaches a useful skill of 36 days: A significant extension of individual models' skills. The higher skill of the MME is attributed to different yet complementary characteristics of the individual models on the representation of intraseasonal variability (Krishnamurti et al. 1999; Fu et al. 2013 ). Since the above skills are obtained by sampling the forecasts initialized once a week, a nature question that needs to be addressed is: Do the above skill assessments largely depend on the sampling intervals? Taking advantage of the daily forecasts available from the GFS and CFSv2 models, we recalculated the skills with a denser 1-day sampling. The resultant skills are about a half day shorter for the GFS model and 3 days longer for the CFSv2 model (Fig. 2 ). This result indicates that the skill obtained by using weekly forecasts is a useful approximation of models' overall capability on MJO forecasting. The results from the RMSE (Fig. 2b) are consistent with that of the ACC.
MJO forecasting skills in three models
If the skills are assessed during DYNAMO IOP (September 1st, 2011 to January 15th, 2012), all three models have systematically lower skills ( Fig. 3 ) than that assessed during extended DYNAMO period. During the IOP, the MJO skills are about 10, 15, and 22 days, respectively, for the GFS, CFSv2, and UH models. In another study, Wang et al. (2013) found that the MJO skill of the CFSv2 is about 22 days in boreal winter for 1999-2010 hindcasts. This result suggests that the MJO skill assessed during the extended DYNAMO period is likely a more reasonable representation of models' long-term performances.
Because the atmospheric component of the CFSv2 is similar to the operational GFS, at the same time, the GFS and CFSv2 forecasts used initial conditions from similar initialization systems (GDAS and CFSR), the skill differences between them may be largely attributed to the impact of air-sea coupling. Initially, these two forecasts have almost the same skill (with a high correlation of 0.96) with the skill of the GFS slightly higher in first week. The ACC of the GFS forecasts, however, falls much more rapidly than that of the CFSv2 with increased forecast lead time (Fig. 2) . The present result suggests that air-sea coupling extends MJO forecasting skill by about 1 week. This finding is basically consistent with the result from our previous predictability study of Fu et al. (2007) , which showed that air-sea coupling extends monsoon intraseasonal predictability by 1 week.
On the other hand, since both the CFSv2 and UH models include two-way air-sea interactions, the differences between them are largely attributed to different model physics. In first week, both the CFSv2 and GFS have higher skills than the UH model during the IOP (Fig. 3) , but the UH model is consistently better beyond 10 days. This behavior of the UH model suggests that the initial conditions generated by a foreign model do cause some initial shocks, resulting in lower skills than those models (here, GFS and CFSv2) with initial conditions generated by more consistent initialization systems (GDAS and CFSR). The better skill of the UH model after first 10 days during the IOP, therefore, should be attributed to more realistic representation of intrinsic MJO mode in the model. This result is consistent with previous findings that ECHAM-4 family coupled models have an intrinsic MJO well mimic the observed one (Kemball-Cook et al. 2002; Fu and Wang 2004; and Kim et al. 2009 ).
The capability of the CFSv2 and UH models on forecasting the initiation and propagation of the MJO is examined with two specific forecasts that focus on November MJO. The first case is the forecasts initialized on November 4th, 2011 (Fig. 4) . Initially, the dry and wet phases of the MJO-I were, respectively, located in the Indian Ocean and eastern Maritime Continent. Both the CFSv2 and UH models to some extent capture the eastward propagations of the dry phases of the MJO-I and the initiation of November MJO in the equatorial western Indian Ocean after 2 weeks, even the subsequent eastward propagations of November MJO wet phase. The forecasted eastward propagations (for both the MJO-I dry phase and November MJO wet phase) in the CFSv2 are slightly slower than that in the observations (Fig. 4a, b) . On the other hand, the forecasts of the UH model are slightly faster than the observed (Fig. 4c, d ). It is also interesting to note that the UH model is even able to reproduce another eastward-propagating dry phase initiated over the western Indian Ocean in the late November and early December, 2011 (Fig. 4c) .
The second case is the forecasts initialized on November 18th, 2011 (Fig. 5) . At initial time, the wet phase of the observed November MJO was developing just west of the DYNAMO/CINDY array while the dry phase of the MJO-I still prevailed over the Maritime Continent and western Pacific. As the dry phase of MJO-I moves away, the convection of November MJO gradually propagates eastward, crosses the Maritime Continent, and reaches western Pacific in early December. Both the CFSv2 and UH models reproduce the observed intensifications of November MJO convection near the DYNAMO/CINDY array in the late November (Fig. 5b, d ), likely associated with the development of Thanksgiving-TC. The convection forecasted by the CFSv2 hangs around the array site and does not propagate over the Maritime Continent (Fig. 5a, b) . On the other hand, the UH model well captures the observed eastward propagation, even the subsequent development over the western Pacific (Fig. 5c, d ).
Important role of air-sea coupling
Many previous studies with a hierarchy of models have shown that air-sea coupling improves the simulation and predictability of the MJO (Krishnamurti et al. 1988; Flatau et al. 1997; Wang and Xie 1998; Waliser et al. 1999; Woolnough et al. 2000; Fu and Wang 2004; Fu et al. 2007 Fu et al. , 2008 Pegion and Kirtman 2008) . Using model intraseasonal events as target, Fu et al. (2008) showed that the potential predictability of the atmosphere-only runs driven by forecasted daily SST reach very similar level as that of the coupled runs. To what extent the above result holds for the forecasts of real-world MJO is unknown. The different skills between the GFS and CFSv2 (Figs. 2, 3 ) also support the importance of air-sea coupling on MJO prediction. Since the GFS version used by the CFSv2 is not exact the GFS version used to produce forecasts for DYNAMO/ CINDY period, it is inconclusive to attribute the improved skill in the CFSv2 over the GFS to the air-sea coupling alone. To assess how the treatment of ocean surface condition affects MJO forecast, a series of forecasting experiments to examine the roles of air-sea coupling as well as persistent, forecasted and observed daily SST on MJO prediction is carried out with UH model. Detailed experimental design is given in Table 1 . Figure 6 shows the bivariate ACCs and RMSEs during the entire DYNAMO period (September 01st, 2011 to March 31st, 2012) under four different SST settings (the skill of UH coupled forecasts has been repeated here from Fig. 2 ). When forced with persistent SST, the UH atmosphere-only forecasts have a skill of 20 days, which is apparently better than the skill of the GFS (Fig. 2) . When forced with daily SST from the coupled forecasts, the UH atmosphere-only forecasts reach a skill almost the same as that of the coupled runs. This result directly corroborates our previous hypothesis: In the context of hindcasts and real-time forecasts, the atmosphere-only runs driven by daily SST forecasted from the ) by the CFSv2 and UH models averaged between 10°S and 10°N. Left panels show anomalies and right panels display total fields of OLR coupled runs reach a similar skill as that of the coupled runs. The present finding suggests that if forcing the high-resolution GFS with CFSv2 forecasted daily SST, the MJO forecasting skill of the GFS can be improved significantly. It is also very encouraging to note that when forced with observed daily SST from TRMM Microwave Imager (TMI, Gentemann et al. 2004) , MJO forecasting skill reaches beyond 40 days during the DYNAMO period. This result not only suggests that there are plenty rooms to improve ocean component of UH model, but also the atmospheric component and air-sea coupling processes, because SST is a result of two-way atmosphere-ocean interactions (Fu et al. 2003; Zheng et al. 2004 ).
To examine the impact of air-sea coupling on the initiation and propagation of the MJO, we take the forecasts initialized on November 4th, 2011 as an example. Figure 7 shows the phase-diagrams of the observations and four forecasts with different SST settings for a period of 1 month. Initially, all four forecasts have weaker MJO amplitude than that of the observations. Because observed OLR is not included in the initialization of UH model, the resultant initial OLR anomaly in this case is smaller than the observed (not shown). During the first week, all four runs have very similar trajectory. After that, the MJO signal in the atmosphere-only run forced by persistent SST decays very quickly. Other three runs follow each other very well and all have similar propagation speed as the observations. In the end of one-month forecasts, all three forecasts reach the Maritime Continent as in the observations (near the transition zone from phase 4 to phase 5), but the forecasts have problem to maintain the observed amplitudes when approaching the Maritime Continent. The distinctive differences between the persistent-SST runs and other runs with intraseasonally-varying SST demonstrate that air-sea coupling or intraseasonal SST forcing plays an important role in the forecasting of MJO initiation and propagation in UH model. Figure 8 further examines the evolutions of total SST and anomalous OLR over tropical Indian Ocean (75°E- (Fig. 8b ) during first 15 days; followed by a cooling period in association with the initiation and development of November MJO convective envelope. The ensemble-mean SST in the coupled forecasts shows a similar evolution with the observations but with much smaller amplitude. Future research is needed to identify the misrepresented air-sea coupling processes through validating model oceanic mixed-layer heat budget with DYNAMO in situ observations. The forecasts of the coupled runs and atmosphereonly runs driven by forecasted daily SST produce an early initiation of November MJO with considerably underestimated convection (Fig. 8b ). When driven with TMI daily SST, the amplitude of the forecasted MJO convective envelope shows a significant improvement but still with an early initiation. Consistent with the result revealed from previous phase diagram (Fig. 7) , the atmosphere-only forecasts driven with persistent SST barely capture the initiation of November MJO in the Indian Ocean.
November-MJO and Thanksgiving-TC
During the IOP of the DYNAMO field campaign, one very interesting MJO-TC interaction case is observed in association with November MJO: the near-equatorial tropical cyclogenesis (named as ''TC05A'' by JTWC, 5 also known as Thanksgiving-TC in DYNAMO community) around (Table 1) November 26. Because this event was well observed by the DYNAMO array and airborne instruments, several observational studies have focused on this event.
6 Figure 9 shows the satellite image and 850-hPa winds on November 25, 2011, which is about 1 day before the genesis of TC05A. The active convection of November MJO develops in the tropical Indian Ocean (Fig. 9a) . The MJOassociated westerly wind bursts directly blow over the DYNAMO array (Fig. 9b) . A pair of vortices develops in association with the westerly wind bursts (Ferreira et al. 1996; Shen et al. 2012) . The vortex near Sri Lanka is significantly enhanced by the shear flows between the nearequatorial westerly and strong easterly around 10°N, which further intensifies into a tropical cyclone-TC05A near the southern tip of the Indian peninsula and move northwestward into the Arabian Sea. In this section, we examine to what extent the interaction between November-MJO and Thanksgiving-TC can be captured in the extended-range forecasts of the GFS, CFSv2, and UH models. Figure 10 shows the observed and forecasted MJO evolutions initialized 2 weeks before the genesis of Thanksgiving-TC in terms of Wheeler-Hendon phase diagrams. Initially, the observed MJO resides in the western Pacific (phase 7) and quickly moves into Indian Ocean sector (phase 2) after 10 days. The forecasted MJO enters the Indian Ocean after 11 and 14 days, respectively, in the UH and CFSv2 models. The MJO in the GFS tends to intensify in African sector and doesn't propagate into Indian Ocean during 2 weeks' forecasts. One more thing worth noting is that both the UH and CFSv2 models fail to predict MJO propagation over the Maritime Continent. This MJO forecasting barrier seems epidemic for all models. A better understanding and representation of the interactions between the MJO and Maritime Continent (including the islands and marginal seas) holds the key to break this barrier (e.g., Zhu et al. 2010) . Since this problem represents a huge stumbling block for the further advancement of MJO forecast, a community-wide approach (like the combined IOP and modeling efforts of the DYNAMO/CINDY program) is definitely needed. Figure 11 gives the observed and forecasted three-day means of 850-hPa zonal winds and deep convection (OLR B 240 W m -2 ) in the end of second week initialized on November 11th, 2011. In the observations, MJO-associated convection and westerly winds have well developed in tropical Indian Ocean (Figs. 11a, 9 ) while the GFS forecasts (Fig. 11b) don't produce any MJO signal there with 2 weeks' lead. Both the CFSv2 and UH models to some extent reproduce the MJO-associated westerly wind bursts and deep convection (Fig. 11c, d ). Although the ensemble-mean westerly in the UH model and convection in the CFSv2 have been underestimated, a detailed examination reveals that both models produce a pair of vortices similar as the observed, which further develop into model tropical cyclones as defined in Fu and Hsu (2011) . The distinctive difference between the GFS and CFSv2 suggests that the lack of air-sea coupling in the GFS fails it to predict the initiation of November MJO in Indian Ocean and the associated genesis of Thanksgiving-TC with 2 weeks' lead.
When initialized on November 18th-about 1 week before the genesis of the TC05A, all three models capture the initiation of November MJO in the Indian Ocean after a few days' integrations (Fig. 12) . The MJO signal in the GFS forecasts, however, decays too quickly. The forecasts of the UH and CFSv2 also fail to maintain the observed amplitude when approaching the Maritime Continent. Figure 13 shows the three-day mean observed and forecasted spatial distributions of 850-hPa zonal winds and convection in the end of 2 weeks' forecasts. A detailed examination reveals that all three models capture the development of November-MJO and Thanksgiving-TC (not shown). When the TC moves away to northern Arabian Sea and dissipates there in the end of November, the observed MJO remains strong and continues propagating eastward (Fig. 13a) . In the GFS forecasts, however, the MJO disappears after the development of Thanksgiving-TC. This behavior of the GFS suggests that the TC draws all energy from the MJO and results in the rapid decaying of the MJO. This also implies that the lack of large-scale air-sea coupling makes the model MJO vulnerable to the subsidence and dry air intrusion induced by Thanksgiving-TC. Further in-depth diagnosis and numerical experiments are needed to sort this out, which is beyond the scope of present study. On the other hand, both the CFSv2 and UH models include air-sea coupling and are able to maintain the convective envelope and large-scale circulations of November-MJO after the development of Thanksgiving-TC (Fig. 13c, d) .
When initialized on November 25th, 2011, the phase evolution of November MJO is best forecasted by the CFSv2 (Fig. 14) . The GFS forecasts are also able to maintain a strong MJO in phase 2 and 3, but with very slow eastward propagation. The forecasts of the UH model in this case have difficulty to maintain significant MJO signal in the model (Fig. 14) . The three-day mean 850-hPa zonal winds and convection in the end of 2 weeks' forecasts along with the observations are given in Fig. 15 . The observed MJO convective envelope has moved out of the Indian Ocean and entered Maritime Continent and western Pacific (Fig. 15a ) along with strong westerly winds in southern Indian Ocean. This feature has been well reproduced in the CFSv2 forecasts (Fig. 15c) and to some extent also in the GFS forecasts (Fig. 15b) . The latter, however, fail to reproduce a secondary westerly-wind patch over the Maritime Continent. In contrast to the observations, the UH model still produces very strong convection in Indian Ocean (Fig. 15d) , particularly in western side of the basin.
The possible causes for this bias in UH model are two folds. First, a detailed examination of each ensemble indicates that the model tends to produce too much tropical cyclone-like disturbances in southwest Indian Ocean. This bias is also present in boreal summer, which leads to an early false onset of northward-propagating boreal-summer monsoon intraseasonal events . Second, the bias may be related to the not-so-strong divergence and dry air intrusion associated with Rossby-wave-like response to the MJO convection, which is supposed to induce large boundary-layer divergence and bring subtropical dry air into the backside of the MJO convection and to shut off deep convection there, thus helping move the MJO eastward (Matthews 2000) . Further research to unravel the detailed causes of this model bias is warranted, which will be one of our future research topics.
Discussions and concluding remarks

Discussions
The observed SST-precipitation quadrature phase relationship on intraseasonal timescales (Shinoda et al. 1998; Senguta et al. 2001) has suggested that interactive air-sea coupling represents an important process for MJO dynamics (Wang and Xie 1998) . On the one hand, the (Senguta et al. 2001; Waliser et al. 2003) , oceanic mixed-layer entrainment (Fu et al. 2003; Saji et al. 2006) , and horizontal advection (Han et al. 2007 ). On the other hand, the resultant intraseasonal SST anomaly feeds back to organize MJO convection and associated circulations through enhancing boundary-layer convergence (Wang and Xie 1998; Waliser et al. 1999 ) and surface evaporation (Fu et al. 2008) . Interactive air-sea coupling is also found to be a necessity to maintain the observed SST-precipitation quadrature phase relationship while the forced atmosphere-only simulations produce an in-phase intraseasonal SST-precipitation relationship (Wu et al. 2002; Fu et al. 2003; Zheng et al. 2004; Matthews 2004) . This result might be interpreted as that atmosphereonly approach is not an appropriate way to carry out MJO forecasting.
Our forecasting experiments, however, demonstrate that this is not the case for the well initialized runs. In fact, the atmosphere-only forecasts driven by daily SST derived from the coupled forecasts reach a similar skill level as the coupled forecasts (Fig. 6) . Like the coupled forecasts, the initialized atmosphere-only runs are also able to maintain the observed SST-precipitation quadrature phase relationship to some extent (e.g., Fig. 8) . It is the match between MJO-related large-scale circulations in the initial conditions and specified underlying SST sustains the observed quadrature SST-precipitation relationship in the atmosphere-only forecasts (e.g., Figs. 15 and 16 in Fu et al. 2008) . The atmosphere-only free simulations forced with daily SST, however, are not an appropriate way to assess the impacts of intraseasonal SST forcing due to the mix-up of atmosphere internal MJO mode and SST-forced intraseasonal response.
The above findings raise the possibility to first improve the forecasts of intraseasonal SST anomalies through improving individual coupled models or developing multimodel ensemble; then using the resultant intraseasonal SST anomalies as boundary conditions to force atmosphere-only forecasts. Along this line, we expect that the high-resolution GFS driven by daily SST forecasted from the lowerresolution CFSv2 can reach a much higher MJO forecasting skill than its current level as forced by persistent SST. This could be true for all two-week extended-range forecasting systems participating in the THORPEX TIGGE program. Further if the improved MJO forecasting in these systems also results in better extended-range TC forecast, using forecasted daily SST as sea surface conditions will be an approach worth being implemented for all TIGGE forecasting models.
Concluding remarks
During the DYNAMO/CINDY field campaign, five MJO events have been observed (Fig. 1) . The associated convective envelope resides over Indian Ocean, respectively, in the late October (MJO-I), late November (MJO-II), late December (MJO-III), late January (MJO-IV), and late February-early March (MJO-V). The convective envelopes of the two events in December and January have limited longitudinal extent. Whether they should be categorized as MJO is still an open issue that, however, won't affect our conclusions. Current models have relatively higher skill in forecasting the MJO that follows a preceding event (successive MJO) than that without preceding event (primary MJO). The common model problems include too slow eastward propagation, the Maritime Continent barrier, the difficulty to predict the MJO initiated by Rossby (or mixedRossby-gravity) waves, and the underestimation of the observed intensity.
The MJO forecasting skills of the GFS, CFSv2 and UH models during the DYNAMO/CINDY period have been assessed with the Wheeler-Hendon bivariate ACCs and RMSEs (Lin et al. 2008 ). The overall MJO skills for the , and UH models three models are, respectively, 13, 25, and 28 days (Fig. 2) when the ACC dropping to 0.5 has been used as the criterion. Two case studies have been given to show that the initiation of November MJO can be predicted with a lead time of 2 weeks by both the CFSv2 and UH models (Fig. 4) . The relatively lower skill of the CFSv2 than the UH model may be largely attributed to the slow MJO eastward propagation in the CFSv2 forecasts (Fig. 5) .
The superior performance of the CFSv2 over the GFS (Fig. 2) suggests that air-sea coupling significantly extends MJO forecasting skill. In order to quantify the impacts of air-sea coupling, three more sensitive forecasting experiments in addition to the coupled forecasts (Table 1) have been carried out with the UH model: atmosphere-only runs forced by persistent SST, forecasted and observed daily SST. Because initial conditions of these runs are the same, the skill differences among them directly measure the impacts of air-sea coupling and different SST settings. It turns out that the case driven by persistent SST has the lowest skill of 20 days (Fig. 6) ; the case driven by forecasted daily SST has a similar skill as the coupled forecasts (28 days); the case driven by observed daily TMI SST reaches beyond 40 days.
The UH and CFSv2 coupled models are also superior over the high-resolution GFS atmosphere-only model in representing the interactions of November MJO-Thanksgiving TC on extended-range timescales. The CFSv2 and UH coupled models are able to capture the development of westerly wind bursts associated with November-MJO and the genesis of Thanksgiving-TC with 2 weeks' lead while the GFS totally fails (Figs. 10, 11 ), although apparent biases still exist in the forecasted MJO by the CFSv2 and UH models (e.g., intensity and spatial pattern) and the location of the TC (Fig. 11) . Both the CFSv2 and UH coupled models are also able to maintain November MJO as in the observations after Thanksgiving-TC moving away, while the MJO in the GFS disappears (Figs. 12, 13) .
In order to further advance our understanding of the physical processes governing the initiation and propagation of the MJO and to improve their representations in state-ofthe-art global models, more in-depth diagnostics and numerical experiments are needed to address following questions: (1) How does air-sea coupling extend the MJO forecasting skills? (2) What are the major air-sea coupling processes misrepresented in the CFSv2 and UH coupled models? (3) Why does the MJO in the CFSv2 propagate so slow? (4) Why is the UH model prone to false TC genesis in southwest Indian Ocean? (5) What are the different physical processes leading to the initiations of the primary and successive MJO events? Some of these questions are under investigation and findings will be reported elsewhere. Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and the source are credited.
